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Previewsmorphological membrane effects occur at
BAR domain surface densities of only
25% that of the complete spirals seen
by EM (Simunovic et al., 2015). Post-
translational phosphorylation of F-BAR
domain proteins can introduce additional
layers of regulation on membrane attach-
ment (Takeda et al., 2013).
McDonald et al. (2015) further show
that like yeast Cdc15p, six mammalian
F-BAR/EFC proteins also form homotypic
assemblages but do not generate rigid
tubules. For a first approximation, then,
it seems more prudent to generally
view the EFC/F-BAR domain as a
spatially restricted, conditionally mem-
brane-anchored, polymeric scaffolding
and arrangement device that is special-
ized in some cases, and at high local
density upon the appropriate mem-
brane, to deform the surface into cylin-666 Developmental Cell 35, December 21, 20ders. In most instances, the precise
functional significance of EFC/F-BAR-
wrapped plasma-membrane tubules still
remains an open question. So, if you
have a firm conviction that F-BAR/EFC
proteins necessarily tubulate mem-
branes, see whether this elegant and sys-
tematic investigation persuades you to
re-evaluate.REFERENCES
Frost, A., Perera, R., Roux, A., Spasov, K., Desta-
ing, O., Egelman, E.H., De Camilli, P., and Unger,
V.M. (2008). Cell 132, 807–817.
McDonald, N.A., Vander Kooi, C.W., Ohi, M.D.,
and Gould, K.L. (2015). Dev. Cell 35, this issue,
725–736.
Moravcevic, K., Alvarado, D., Schmitz, K.R.,
Kenniston, J.A., Mendrola, J.M., Ferguson,
K.M., and Lemmon, M.A. (2015). Structure 23,
352–363.15 ª2015 Elsevier Inc.Shimada, A., Niwa, H., Tsujita, K., Suetsugu, S.,
Nitta, K., Hanawa-Suetsugu, K., Akasaka, R., Nish-
ino, Y., Toyama,M., Chen, L., et al. (2007). Cell 129,
761–772.
Simunovic, M., and Voth, G.A. (2015). Nat. Com-
mun. 6, 7219.
Simunovic, M., Srivastava, A., and Voth, G.A.
(2013). Proc. Natl. Acad. Sci. USA 110, 20396–
20401.
Simunovic, M., Voth, G.A., Callan-Jones, A., and
Bassereau, P. (2015). Trends Cell Biol. 25,
780–792.
Takeda, T., Robinson, I.M., Savoian, M.M., Grif-
fiths, J.R., Whetton, A.D., McMahon, H.T., and
Glover, D.M. (2013). Open Biol. 3, 130081.
Yu, H., and Schulten, K. (2013). PLoS Comput.
Biol. 9, e1002892.
Zhao, H., Michelot, A., Koskela, E.V., Tkach, V.,
Stamou, D., Drubin, D.G., and Lappalainen, P.
(2013). Cell Rep. 4, 1213–1223.Warts Opens Up for ActivationSamuel A. Manning1,2,3 and Kieran F. Harvey1,2,3,*
1Peter MacCallum Cancer Centre, 7 St Andrews Place, East Melbourne, VIC 3002, Australia
2Sir Peter MacCallum Department of Oncology, University of Melbourne, Parkville, VIC 3010, Australia
3Department of Pathology, University of Melbourne, Parkville, VIC 3010, Australia
*Correspondence: kieran.harvey@petermac.org
http://dx.doi.org/10.1016/j.devcel.2015.12.004
Warts is the central effector kinase of the Hippo growth-control pathway. In this issue of Developmental Cell,
by assessing Warts conformation in vivo, Vrabioiu and Struhl (2015) report that the Mob family protein Mats
regulates Warts activity allosterically, independent of phosphorylation by Hippo.Intense research over the past decade
has elucidated a complex signaling
network known as the Hippo pathway.
Founding pathway members were identi-
fied in Drosophila melanogaster genetic
screens as regulators of tissue growth.
Subsequently, genetic, proteomic, and
cell-based screens in flies and mammals
have identified more than 40 pathway
proteins (Harvey et al., 2013; Pan, 2010).
The Hippo pathway is evolutionarily
ancient, with key elements predating
metazoan evolution (Sebe´-Pedro´s et al.,
2012). Furthermore, pathway deregula-
tion has been linked to many human dis-
eases such as cancer (Harvey et al.,
2013).The Hippo pathway can be sub-classi-
fied into threemain groups: upstream reg-
ulators, the core kinase cassette, and
downstream transcriptional regulators.
The best-characterized transcriptional
regulators of the Hippo pathway are
Yorkie and Scalloped. The core kinase
cassette limits tissue growth by stimu-
lating Warts-dependent phosphorylation
of Yorkie. Upstream proteins influence
activity of the core kinase cassette or, in
some cases, act directly on Yorkie (Har-
vey et al., 2013; Pan, 2010). It is likely
that the majority of important Hippo
pathway proteins have now been discov-
ered. As such, research effort is refocus-
ing to other questions such as key stepsof pathway regulation, points of crosstalk
with other growth-control networks, and
the role of the pathway in specific cell
types and in disease.
In the present study, Vrabioiu and
Struhl (2015) interrogate the mechanism
of activation of theHippo pathway core ki-
nase cassette (Vrabioiu and Struhl, 2015),
which consists of the Ser/Thr kinases
Hippo and Warts and the non-catalytic
proteins Mats and Salvador. Warts (an
NDR family kinase), Hippo (a Sterile 20
family kinase), and Mats (a Mob family
protein) form a signaling module that is
conserved from yeast to humans (Hergo-
vich and Hemmings, 2009). Hippo acti-
vates Warts by phosphorylating the
Figure 1. A Proposed Unifying Model for Warts Activation
Step 1A: Hippo is activated by autophosphorylation or phosphorylation by Tao-1. Salvador’s role is
currently unclear. Step 1B:Mats binds toWarts and changes its conformation from closed to open. Step 2:
Hippo binds to Warts and Mats and phosphorylates the Warts hydrophobic motif and Mats. Step 3: This
strengthens Mats-Warts binding and dissociates Hippo from the ternary complex. Step 4: A further Mats-
induced allosteric change to Warts then triggers activation loop phosphorylation. Active Warts can then
phosphorylate its substrates, e.g., Yorkie.
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Previewshydrophobic motif and also phosphory-
lates Mats on at least two residues
(Avruch et al., 2012). A prevailing view
has been that Hippo-dependent phos-
phorylation of Mats enables Hippo to
phosphorylate and activate Warts.
To study regulation of Warts by up-
stream Hippo pathway proteins, the
authors created transgenic D. mela-
nogaster expressing Warts protein fused
to acceptor and donor fluorescent pro-
teins at the N and C termini, respectively
(Vrabioiu and Struhl, 2015). Prior studies
had proposed that Mob family proteins
regulate activity of NDR kinases bymodu-
lating their conformation (Hergovich and
Hemmings, 2009), and the newly gener-
ated fusion protein allowed Vrabioiu and
Struhl to monitor Warts confirmation
in vivo using fluorescence resonance
energy transfer (FRET). The authors
broadly designate two states of Warts:
an ‘‘open’’ and a ‘‘closed’’ conformation.
In the ‘‘closed’’ conformation, the N and
C termini of Warts are juxtaposed, and
excitation of the donor results in energy
transfer to the acceptor and a reduction
in donor emission. Different genetic stra-
tegies were employed to determine
whether upstream Hippo pathway pro-
teins regulated Warts conformation. Sur-
prisingly, very different results were
observed in tissue mutant for either matsor hpo: Warts was predominantly present
in the closed conformation in mats tissue
but in the open conformation in hippo tis-
sue, despite the fact that Warts activity is
strongly impaired in both. This suggests
an apparent divergence in Warts regula-
tion, where Mats regulates Warts alloste-
rically, whereas Hippo activates Warts
by phosphorylating it. The current study
suggests that Hippo-dependent phos-
phorylation of Warts does not induce
major conformational changes, although
minor conformational changes cannot be
ruled out and may have been beyond the
limits of detection of the Warts-FRET
sensor.
Vrabioiu and Struhl (2015) also showed
that the Fat branch of the Hippo pathway
regulates Warts conformation. They pro-
pose that Fat acts together with the atyp-
ical myosin Dachs to either inhibit or
counteract the impact of Mats on Warts
conformation. The precise mechanism
by which Dachs influences Warts is still
unclear; planar polarization of Dachs did
not correlate with polarized differences
in Warts conformation at the subcellular
level, but trends in Dachs polarization
(which is controlled by Fat and Dachsous)
were mirrored by Warts conformation
across the wing pouch. The authors note
that this may involve a transient interac-
tion, but there is also the possibilityDevelopmental Cell 35, Dthat it is less direct and mediated by addi-
tional factors. By contrast, other up-
stream Hippo pathway proteins such as
Expanded did not appear to influence
Warts conformation. Therefore, the pre-
sent study posits that Warts activity is
coordinately controlled by different up-
stream branches of the Hippo pathway
by regulating Warts conformation (via
Mats) and Warts phosphorylation (via
Hippo) (Vrabioiu and Struhl, 2015).
The proposed role of Mats as a
Hippo-independent allosteric activator of
Warts provides an interesting contrast to
previous biochemical studies of Hippo
pathway core kinase cassette proteins
(Ni et al., 2015; Praskova et al., 2008;
Wei et al., 2007). For example, in a recent
comprehensive study, Ni et al. proposed
that MST2 (a Hippo ortholog) autophos-
phorylates on a linker domain to create a
docking site for Mob1 (a Mats ortholog).
Subsequently, these proteins form a
ternary complex with LATS1 (a Warts or-
tholog) to allow phosphorylation of
LATS1 and MOB1 by MST2. Finally, the
phosphorylated MOB1-LATS1 complex
facilitates autophosphorylation and acti-
vation of LATS1 (Ni et al., 2015). By
contrast, using several approaches, Vra-
bioiu and Struhl showed that Mats modu-
lates Warts conformation independently
of Hippo (Vrabioiu and Struhl, 2015).
Clearly, further studies are required to
clarify the temporal order of events during
activation of the Hippo core kinase
cassette. The common theme is that
Mob family proteins allosterically activate
NDR kinases, but the precise role of
Sterile 20 kinases in this process, such
as Hippo, is less clear. Here, we propose
a unifying model, wherein Mats allo-
sterically modulates Warts before, and
after, Hippo-mediated phosphorylation
of Warts and Mats (Figure 1).
The generation of a Warts-FRET sensor
and the results described by Vrabioiu and
Struhl provide many opportunities for
future studies. In the present study, they
use the Warts-FRET sensor to conclude
that mechanical tension, which has been
linked to both organ growth and Hippo
signaling (Gaspar and Tapon, 2014),
does not regulate Warts conformation.
The Warts-FRET sensor could also be
monitored in regenerating epithelia such
as imaginal discs or the gut to investigate
Warts regulation under different condi-
tions. It could also be used to furtherecember 21, 2015 ª2015 Elsevier Inc. 667
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Previewsinvestigate the role of Salvador in the
Hippo pathway core kinase cassette.
From an evolutionary perspective, it will
be interesting to determine whether
allosteric regulation of Warts by Mats is
common to other NDR kinases and Mob
family proteins. In mammals, it will be
important to determine whether a func-
tional equivalent to Dachs-mediated
regulation of Warts conformation exists,
given that mammals lack an obvious
Dachs ortholog and that the links
between Fat and Hippo in mammals are
contentious.
Finally, this study provides an example
of how technological advances can allow
us to investigate information relay mecha-668 Developmental Cell 35, December 21, 20nisms in signaling pathways in vivo. Such
technology should allow us to move
beyond inferring gene function from
loss-of-function and overexpression ap-
proaches. While such foundational ap-
proaches have been incredibly powerful,
they often provide only a static picture of
what has gone wrong, rather than
revealing how things really work.REFERENCES
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Reporting in Developmental Cell, Shea et al. (2015) show, using an inbred mouse strain, that ‘‘epivariation’’—
stochastic individual differences in DNAmethylation—is a much greater contributor to the spermmethylome
than is diet. They conclude that DNAmethylation is not themechanism underlying the dietary reprogramming
of offspring phenotype.The environment experienced by an
organism can influence the phenotype of
its offspring even when the offspring are
adults. In mammals, there are numerous
examples of the effect of environmental
exposure of the mother on her offspring
(Harris and Seckl, 2011). These are
observed in both model organisms in the
laboratory and in humans, hence the
now-common aphorism, ‘‘They are what
she ate.’’ More recently, paternal environ-
mental exposures have been shown to
have similar effects (Rando, 2012). In
particular, male rodents subjected to
various dietary perturbations have been
shown to produce offspring with altered
metabolic profiles (for publications before
2012, see Rando, 2012; Radford et al.,
2012, 2014; Watkins and Sinclair, 2014;
Wei et al., 2014). The underlying mecha-nism by which the transfer of ‘‘informa-
tion’’ from parent to offspring is achieved,
for both maternal and paternal effects, is
not known.
It is considered easier to approach this
problem using paternal effects, rather
than maternal effects, because mature
sperm can be obtained in reasonable
amounts, and, in rodent models, the
experiment can be engineered to ensure
that the environmentally exposed fathers
spend no timewith their offspring, thereby
reducing confounding effects. For this
reason, there has been a recent spate of
publications reporting paternal effects in
mice in situations in which the fathers
spent only a few hours together with the
females to achieve conception. In these
situations, the transfer of ‘‘information’’
must lie in the sperm or ejaculate. Whilesome of these studies have provided evi-
dence that DNA methylation of the sperm
is the molecular mark that carries this
information to the offspring, Shea et al.
(2015) in this issue of Developmental Cell
suggest otherwise.
Shea and colleagues (2015) carefully
analyzed the cytosine methylation pat-
terns in sperm from mice on one of three
diets: control, low protein (LP; 10% rela-
tive to 19% in control, with remaining cal-
ories contributed by sucrose), or high fat
(HF; 60% relative to 20% fat in control).
They carried out whole-genome bisul-
phite sequencing (50-fold coverage) on
four pools: LP, the control for LP, HF,
and the control for HF, with the sperm
from seven or eight mice per pool. Based
on these analyses, they found the methyl-
ome to be generally insensitive to diet, but
